For a good design of all the processes in Carbon Capture and Storage, the thermodynamics of the CO 2 and CO 2 mixtures should be accurately 
Introduction
There are a number of impurities in mixture with CO 2 that are relevant for the Carbon Capture and Storage (CCS) industry. Among these are H 2 O, H 2 S, CH 4 , CO, O 2 , NO 2 and N 2 . The availability of the thermodynamic and transport properties of these mixtures is then vital for the design of various CCS processes. The experimental data are highly important. However, they are discrete in nature and local. Therefore, a generic and continuous solution is essential. Hence, modeling transport and thermodynamic properties of CO 2 with impurities is crucial for design, safety, efficiency and economy of the process.
It is possible to use empirically fitted models, but these models always have poor extendability and generality outside the fitted range. Moreover, they are not thermodynamically consistent over phases. A more appropriate and physically grounded approach is to use equations of state (EoSs). There are various categories of EoSs. Cubic EoSs like Soave-RedlichKwong (SRK) (Soave, 1972) , SRK with Huron Vidal mixing rules (SRK-HV) (Huron and Vidal, 1979) and Peng-Robinson (PR) (Peng and Robinson, 1976) are amongst the lightest in computations. Consequently, they are the most widely used in industry. Among the heaviest in computation time are the full extended corresponding states (ECS) equations. A modern approach that is less computationally expensive than ECS, and offers generally good accuracy, is the multi parameters approach. Nevertheless, it is at least one order of magnitude higher than Cubic EoS in computation time (Wilhelmsen et al., 2012) . Span-Wagner (Span and Wagner, 1996) for pure CO 2 and GERG (Groupe Européen de Recherches Gaziéres) (Kunz et al., 2007) for mixtures belong to this category. The Cubic-Plus-Association (CPA) (Kontogeorgis et al., 1996) and the Statistical Associating Fluid Theory (SAFT) (Chapman et al., 1990) EoSs are state-of-the-art approaches.
The results of the CPA and Perturbed Chain SAFT (PC-SAFT) for modeling CO 2 -water systems were presented by Tsivintzelis et al. (2011) and Diamantonis and Economou (2012) , respectively. The two articles also included a literature survey on CPA and SAFT type developments and recent achievements.
SPUNG EoS (Jørstad, 1993) is not a well known ECS equation although
it handles the trade-off between accuracy and complexity well. The SPUNG EoS was first introduced for hydrocarbons. Recently Wilhelmsen et al. (2012) showed that SPUNG is a promising EoS for modeling CO 2 non-polar mixtures. However, we showed (Ibrahim et al., 2012 (Ibrahim et al., , 2014b ) that the SPUNG EoS qualities did not fully hold for modeling CO 2 -water densities and phase equilibrium over large range of conditions. This is mainly for water-rich phase density predictions and CO 2 solubilities at all tested pressures. We also investigated the effect of reference fluid on the density predictions, and found that for the set of tested hydrocarbons as reference fluids, the heavier the hydrocarbon the better it predicted the water-rich phase density. Moreover, the study recommended development of asymmetric or non-quadratic mixing rules for better modeling of phase equilibrium (Ibrahim et al., 2014a,b) . Mollerup (1998) earlier discussed generally the possibility of introducing non-quadratic mixing rules. However, he did not provide detailed derivations of specific mixing rule derivatives, or introduce a concrete model results.
Furthermore, his general suggestions were incompatible with the implementation using van der Waals quadratic mixing rule. Therefore, they were not followed here. A similar discussion is made by Michelsen and Mollerup (2007) . 
Theory

Equations of state
An EoS is a model that calculates for both the liquid and gas phase using the same expression. This enhances the continuity near the critical point.
An EoS for an N c component mixture can be regarded as an expression for pressure P as a function of the mole fractions x i , the temperature T and the volume V . Given this expression, the Helmholtz residual function
computed. Here, n is the amount of substance, R is the gas constant and subscript m stands for mixture. The thermodynamic properties can then be computed from the derivatives of the departure function as explained by Jørstad (1993) or most thermodynamics textbooks concerned with EoSs.
The corresponding states principle
The principle of corresponding states assumes that all substances exhibit the same behavior at a reduced state. Consequently, the departure function can be written for a pure component as
or for a mixture as
where index i denotes component, and subscript m stands for mixture.
A corresponding state EoS typically has one or more reference compo- 
These scale factors take into account how the fluids or the mixture in consideration differ from the reference fluid. As explained in Sect. 2.1, the thermodynamic properties are computed from the derivatives of the F function.
Therefore, from the definition of F , formulations for f n and h n and their derivatives are needed. The scale factors, f n and h n , can be computed via scale factor functions, using semi-empirical functions, an accurate reference equation for each component, or using a simpler EoS. The work on shape factor functions started by Leach et al. (1968) . Subsequently, many contributions were made. Examples are the work by Fisher and Leland (1970) and of Ely (1990) , who has introduced the first exact shape factor concept.
In addition, a substantial work on shape factor functions was conducted by 
Here, a C i is the parameter a for the pure component i at critical conditions.
Using SRK EoS with Soave's formulation for α(T ), Jørstad (1993) showed that f n and h n can be defined, respectively, as
and
where
and λ, β and γ are constants that vary with the type of cubic EoS (e.g. From Eqs. 6 and 7 it is clear that to compute the derivatives of f n and h n , a closure mixing rule formulation for the parameter a n and its derivatives are needed. The mixing rule to be selected or developed must be thermodynamically consistent.
The new EoS
In the new EoS we first introduce here, the Bender-MBWR EoS with 20 parameters of Polt (1987) was used for the reference fluid. The reference fluids recommended here are R23, R503 and NH 3 . The R23 is CHF 3 , and R503 is a mixture of R23 and R13 (CClF 3 ). The reference fluids are recommended after investigating several reference fluids including O 2 , N 2 , water, CO 2 , C1 to C9, and a set of refrigerants. Moreover, the cubic SRK-HV EoS was used to calculate the a parameter in the scale factors. The parameter a using Huron-Vidal mixing rules (Huron and Vidal, 1979 ) is defined as
where b is the co-volume parameter defined as
G E ∞ is the excess Gibbs free energy at infinite pressure,
For a second order Huron-Vidal, ∆g ji can be written as
where α ji in Eq. 14 and d ji , e ji and f ji in Eq. 15 are binary parameters to be fitted to experimental data. The used d, e, f and the non-randomness parameter α ji for CO 2 -water are listed in Table 1 .
A general discussion was made by Kontogeorgis and Coutsikos (2012) , who reviewed the 30 years development of the activity coefficient models that are incorporated for cubic EoSs.
[ Here, for the ease of analysis and consistency with the work of Jørstad (1993), the molar based parameter a n = a · n 2 is used instead, defined as
where b n = b · n is defined as
Subsequently, the derivatives of a n needed to calculate the scale factors can be easily derived as follows:
Once the a n and its derivatives are computed, the f n and h n and their derivatives can be computed.
Methodology
Numerical Tools
The NTNU-SINTEF in-house thermodynamic library was used for the study presented. The new model was integrated to the library framework.
The library is a tool for predicting the thermodynamic properties using various approaches that ranges in level of sophistication and underlying theory. The tolerance used for this study was 10 −4 for both the multi-phase flash algorithm and the compressibility factor calculations.
Error definition
The errors of an EoS are measured here by the Relative Error (RE) and the Average of Absolute Deviation (AAD) defined for an arbitrary variable
Here, N is the total number of points, subscripts s and exp refer to simulation data and experimental data, respectively, and r is a point index. 
Results and discussion
Single phase density, high pressures
Rich phases
The new EoS was evaluated at conditions consistent with the experi- [ Figure 5 about here.]
[ Using the new EoS, the results for the CO 2 -rich phase are slightly overshooting. However, the water-rich phase density predictions became very accurate. This can be attributed to the use of the reference fluids R23, R503 and NH 3 . The results imply that R23 is the best compromise when CO 2 -water is of concern.
Solubilities
The accuracies of the new EoS in predicting the mutual solubilities of CO 2 and H 2 O were validated against experimental data.
A review of the experimental data of CO 2 -water system solubilities was We assessed the proposed EoS by comparing the predictions to SPUNG EoS and with the experimental works cited above. Fig. 6 shows our results with the data of Valtz et al. (2004) . In addition, we assessed the solubilities at 25 • C, which yielded results similar to those shown in the figure. Table 4 gives the associated AADs.
[ Figure 6 about here.]
[ tal data. In this figure we skipped the interim temperature, owing to the fact that those plotted were sufficient to illustrate the trend. However, Table 8 shows the AADs for the three assessed temperatures.
[ Figure 7 about here.]
[ For moderate pressures we chose the conditions to model according to Bamberger et al. (2000) . Fig. 8 shows the comparison between our results and their experimental data, while Table 6 Table 8 summarizes AADs with respect to temperature. Fig. 12 and Table 9 compare our results with those of Wiebe (1941) experiments.
[ Figure 9 about here.]
[ Table 7 MPa, in conjunction with a temperature of 110 • C. Fig. 13 and Table 10 show our results and errors (in terms of AADs), respectively, with reference to the work of Takenouchi and Kennedy (1964) .
[ Figure 13 about here.]
[ 
General discussion
The new EoS predicted the phase equilibrium very accurately. The comparison to SPUNG EoS showed large improvements. This is because the HV mixing rules has the advantage of handling asymmetric polar mixtures like CO 2 -water, contrary to the symmetric quadratic mixing rule of van der Waals used in SPUNG EoS. We choose to derive the HV mixing rule for the shape factors calculation as it has the advantage of being a consistent mixing rule unlike the other asymmetric mixing rules that has the MichelsenKistenmacher syndrome (Michelsen and Kistenmacher, 1990) . Moreover, in combination with the usage of the Bender-MBWR EoS parameters of Polt
(1987) and the tested reference fluids, the new EoS predicted both densities and phase equilibrium for the polar mixture of CO 2 -water accurately using the same set of parameters. The new EoS is of the same order of computational complexity as the SPUNG EoS. Therefore, the new ECS EoS is a similar compromise between computational time and accuracy. This achievements make the new EoS readily usable by CCS industry for its high accuracy and reasonable computational time. 
Conclusions
